ABSTRACT -Recently, troponin T (TnT) and troponin I (TnI) have been reported as suitable biomarkers of myocardial injury for pre-clinical toxicity studies. The purpose of the present study was to investigate the characteristics of troponins as myocardial damage biomarkers in cynomolgus monkeys. Initially, tissue distribution of biomarkers was investigated in nine organs (including the heart, liver, and kidneys) -cally in the heart, and were not detected in other tissues. Secondly, changes in blood biomarker levels and histopathological changes in cardiac tissue were investigated following myocardial injury induced by concomitant administration of isoproterenol (ISO) and vasopressin (VASO). Compared with pre-dosing, TnT and TnI were markedly increased in the ISO + VASO groups, in which severe histopathological changes -lated between C max and AUC and necrosis and vacuolation scores in the heart. A high correlation between necrosis and vacuolation in the heart and TnT and TnI levels was noted. These results suggest that TnT useful biomarkers for detection of drug-induced myocardial injury in cynomolgus monkeys.
INTRODUCTION
Various biomarkers for detecting myocardial injury including aspartate aminotransferase (ASAT), alanine aminotransferase (ALAT), lactate dehydrogenase (LDH), creatine phosphokinase (CPK), aldolase (ALD), and myoglobin (Mb) are commonly used as standard biomarkers in pre-clinical studies. Moreover, inflammatory markers, including c-reactive protein (CRP), are also used because --injury in experimental animals, because these biomarkers are widely distributed in organs other than the heart, and there have been cases of pre-clinical toxicity studies in which myocardial toxicity of drugs could not be detected when the standard biomarkers were used (Bertinchant et al., 2000) . There is a need for specific, sensitive biomarkers for the detection of myocardial injury in preclinical studies. Recently, heart-type fatty acid-binding protein (H-FABP), troponin T (TnT) and troponin I (TnI) have been reported as suitable markers of myocardial injury for preclinical toxicity studies (Nagahara et al., 2006; Walker, 2006) . Wallace et al. (2004) reported the utility of serum troponin for the prognosis of drug-induced myocardial injury in both humans and animals. Moreover, TnT and TnI have been reported as suitable markers of myocardial injury for pre-clinical toxicity studies (Kurata et al., 2007; Potácová et al., 2007) . However, these results have been almost exclusively obtained in rodent studies, and there have been few studies on non-human primates (Apple et al., 2008) .
In order to investigate the characteristics of troponins as biomarkers of myocardial injury in the cynomolgus by measuring their concentrations in various tissues. Moreover, blood TnT and TnI levels and histopathological changes were determined in drug-induced myocardial injury in cynomolgus monkeys.
MATERIALS AND METHODS

Animals
This study was approved by the Institutional Animal Care and Use Committee of Shin Nippon Biomedical Laboratories, Ltd., and was conducted in accordance with the bylaws of the committee. Male cynomolgus monkeys weighing 3 to 9 kg and aged 2 to 9 years, purpose-bred in China and maintained at Shin Nippon Biomedical Laboratories, Ltd., were used. The animals were housed individually in stainless steel cages [680 mm (D) × 620 mm (W) × 770 mm (H)] at a conventional facility at a temperature of 26°C ± 3°C, relative humidity of 55% ± 20%, and 12-hr-light/dark cycle (lights on from 07:00 to 19:00). Approximately 108 g (approximately 12 g × 9 pieces) -mate Diet, Harlan Sprague Dawley Inc., Indianapolis, IN, USA) were provided to each animal daily, and water was available ad libitum.
Measurement of tissue distribution
In order to investigate the tissue distribution of several biomarkers, three naive cynomolgus monkeys were anesthetized by an intravenous injection of sodium pentobarbital (26 mg/kg, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), and euthanized by exsanguination. Then, the heart (left ventricle), liver, kidneys, brain, lungs, stomach, duodenum, colon, and skeletal muscle (femoral skeletal muscle) were removed and frozen immediately with liquid nitrogen. A portion (1 g) of each organ was weighed, added to 10 ml of Tris Buffer, and homogenized with POLY-TRON (KINEMATICA AG, Luzern, Switzerland). Supernatant was obtained by centrifugation, and ASAT, ALAT, LDH, CPK, ALD, Mb, H-FABP, TnT and TnI were measured.
Drug-induced myocardial injury
Myocardial injury was induced by concomitant administration of isoproterenol (ISO) and vasopressin (VASO), which has been reported to induce severe myocardial injury than administration of ISO alone (Pinelli et al., 2004) . Twelve naive cynomolgus monkeys were divided into four groups (one control group and three ISO + VASO groups). Dose levels and the number of animals used are shown in Table 1 . ISO was administered once subcutaneously at a volume of 2 ml/kg, and then VASO was administered once into the cephalic vein of the forearm at a rate of 2.5 ml/kg/10 min using a syringe pump. For the control group, physiological saline was administered once into the cephalic vein of the forearm in the same manner as VASO.
Blood samples were collected before dosing, and at 2, 4, 8, 24, 48, 72, 96, 120, 144 , and 168 hr after dosing, and sampling volume was approximately 1.7 ml per sampling point. TnT in whole blood, and ASAT, ALAT, LDH, CPK, ALD, Mb, CRP, H-FABP and TnI in serum were measured.
After blood sampling at 168 hr after dosing, the animals were anesthetized by an intravenous injection of sodium pentobarbital (26 mg/kg) and euthanized by -ered formalin. Specimens of the right atrium to the right ventricle, interatrial septum to the interventricular septum, left atrium to the left ventricle, and the papilla of the -tioned, and stained with Hematoxylin-Eosin (HE) stain. Slide specimens were examined microscopically, and ISO was administered once subcutaneously (s.c.) at a volume of 2 ml/kg, and then VASO was administered once into the cephalic vein (i.v.) of the forearm at a rate of 2.5 ml/kg/10 min using a syringe pump. For the control group, physiological saline was administered once into the cephalic vein of the forearm in the same manner as VASO. Vol. 34 No. 6 the degrees of necrosis and vacuolation in the heart were scored histopathologically.
Measurement of biomarkers
ASAT, ALAT, LDH, CPK, ALD, CRP, and Mb were measured using an automatic analyzer (JCA-BM8, JEOL Ltd., Tokyo, Japan). The measurement methods for H-FABP (MARKIT ® M H-FABP, MARUKO PHARMA-CEUTICAL Co., Ltd., Aichi, Japan), TnT (Cardiac Reader, Roche Diagnostics GmbH, Berlin, German), and TnI (MONKEY CARDIAC TROPONIN-I ELISA KIT, Life Diagnostics, Inc., West Chester, PA, USA) were validated using blood samples from cynomolgus monkeys in -city, accuracy, precision, recovery and stability were conml, and values greater than that limit could not be quantias 2.0 ng/ml in stastical analysis.
Chemicals
(±)-ISO and [Arg 8 ]-VASO were purchased from SIGMA-ALDRICH Japan K.K (Tokyo, Japan). All chemicals were dissolved in physiological saline (Otsuka Pharmaceutical Factory, Inc., Tokyo, Japan).
Statistical analysis
The T max , C max , and AUC of each biomarker were calculated for each animal. Pairwise comparisons of the ISO + VASO group and control group were performed by t-test based on a one-way ANOVA model for C max , AUC and biomarker levels for each sampling. Spearman's correlavacuolation scores from histopathology and the C max and AUC of each biomarker for the control group and ISO + VASO group. A value of p < 0.05 was considered statisti-
RESULTS
Distribution of biomarkers in tissues
Distribution of biomarkers in each tissue is shown in heart, and scarcely in other tissues. ASAT and ALAT levels in the liver were higher than those in the heart. LDH, CPK, ALD, and Mb levels were highest in skeletal muscle, and H-FABP level was high in both skeletal muscle and the heart.
Changes in blood biomarkers
Changes in blood biomarker levels (T max , C max and AUC) after ISO + VASO dosing are shown in Tables 3  and 4 , and Fig. 1 . The data for each group are indicated, distinguishing the high dose group from other groups to make changes for each group readily comprehensible. TnT and TnI were not detected in blood of the control group at any sampling point. Blood TnT and TnI levels increased in two of three animals in the low dose group, Skeletal muscle 36 ± 5 3.5 ± 1.2 724 ± 174 6818 ± 747 344.9 ± 40.9
The heart (left ventricle), liver, kidneys, brain, lungs, stomach, duodenum, colon, and skeletal muscle (femoral skeletal muscle) were is represented for each organ (n = 3). Vol. 34 No. 6 and in all animals in the middle and high dose groups. Blood TnT and TnI levels increased dose-dependently, respectively. TnI disappeared from blood by three or four days after dosing, while TnT was detected until four to seven days after dosing. The T max of TnT was 3 to 8 hr after dosing, and that of TnI was 4 to 6 hr after dosing. The C max of TnT increased dose-dependently, and significantly in only the high dose group; however, the C max of middle to high dose groups. This difference was due to high TnI levels compared with that in the control group. The AUC of TnT increased dose-dependently, and significantly in only the high dose group; however, the AUC of -es in blood ASAT, ALAT, LDH, CPK, and H-FABP levels; no differences from the control group were noted in the low or middle dose group. Blood ALD level did not max of each of these biomarkers was different in each group, and no clearly dose-related changes were observed. Of these -ly increased C max only in the high dose group, and ASAT and LDH showed a significantly increased AUC only in the high dose group. Blood Mb level increased sigdependently. Its T max was different in each group, and no clearly dose-related changes were observed. Its AUC only level increased from the low dose group; however, the no clear difference was observed between the low and middle dose groups. Its T max was 24 to 40 hr after dosing, longer than those of TnT and TnI. Its C max and AUC
Relationship between biomarker levels and morphological myocardial injury
The histopathological severity of necrosis and vacuolation in the heart in the ISO + VASO groups is shown in Table 5 . In histopathology, very slight to moderate necrosis and vacuolation were observed in two of three animals in the low dose group, and in all animals in the middle and high dose groups. The relationship between C max and AUC and the severity of myocardial injury (Spearman's 4. For C max , TnT (r = 0.8424, p = 0.0006) and TnI (r = 0.8794, p = 0.0002) showed the highest correlation with the degree of necrosis and vacuolation in the heart. For AUC, TnT (r = 0.8731, p = 0.0002) and TnI (r = 0.9283, p = < 0.0001) showed the highest correlation with the degree of necrosis and vacuolation in the heart. The heart (left ventricle), liver, kidneys, brain, lungs, stomach, duodenum, colon, and skeletal muscle (femoral skeletal muscle)
is represented for each organ (n = 3). The upper limit of detection for TnT was 2.0 ng/ml, and values greater than limit could not be Vol. 34 No. 6
DISCUSSION
Distribution of several biomarkers in the heart, liver, kidneys, brain, lungs, stomach, duodenum, colon, and skeletal muscle were measured in cynomolgus monkeys. scarcely in other tissues. Distribution of other biomarkers in skeletal muscle, the liver, and other tissues were higher than in the heart. These results suggested that in the cynomolgus monkey, TnT and TnI distribution was from humans, mice, and rats as reported by Wallace et al. (2004) . Pinelli et al. (2004) reported that myocardial injury in rabbits induced by administration of ISO + VASO (3 + 0.3 mg/kg) was characterized by necrosis of cardiac muscle, -dial infarction in humans. It has been reported that ISO, -traction and induces tachycardia, and that VASO, an anti- T max and C max were calculated for ASAT, ALAT, LDH, CPK, and ALD for each animal, and the mean level ± S.D. is represented for each group (n = 3). Pairwise comparisons of the ISO + VASO group and control group were performed by t-test based on a one-way and the C max * for p-value < 0.05, ** for p-value < 0.01. Vol. 34 No. 6 diuretic hormone, increases blood pressure by increasconsidered to induce ischemic myocardial injury by heart overload from increases in myocardial contraction and blood pressure (Pinelli et al., 2004) . We administered ISO + VASO to cynomolgus monkeys, and investigated chronological changes in biomarkers, the relationship between those biomarkers and the severity of morphological myocardial injury. Babuin and Jaffe (2005) reported that TnT and TnI are released into blood when even slight myocardial injury occurs because they have low molecular weights (33,500 and 23,500 Daltons, respectively). In the present study, both TnT and TnI increased significantly in the middle dose group at two hr after dosing, and had an earlier T max , and were considered therefore to show high sensitivity to early myocardial injury. CRP increased with two peaks at twenty-four hr and seven days after dosing, and T max was late, unlike other biomarkers. CRP has been reported as useful for diag- T max and C max were calculated for Mb, CRP, H-FABP, TnT, and TnI for each animal, and the mean level ± S.D. is represented for each group (n = 3). Pairwise comparisons of the ISO + VASO group and control group were performed by t-test based on a one-way ANOVA the C max * for p-value < 0.05, ** for p-value < 0.01. Vol. 34 No. 6 nosis of ischemic heart failure in humans because of its high sensitivity (Lamblin et al., 2005) . However, it has -mation (Clyne and Olshaker, 1999) . Only the high dose group showed increases in other biomarkers; and, no differences were detected in the low or middle dose group compared with the control group. Among experimental animals, the monkey is particularly susceptible to stress from restraint because of its high intelligence. High tissue levels of ASAT, ALAT, LDH, CPK, ALD and high H-FABP in skeletal muscle were considered due to injury induced by restraint at dosing (Walker, 2006) , and this might have been the reason for the high blood levels of these markers in the control group and no clear differences were observed in blood levels at any sampling point, or T max , C max, or AUC between the low and middle dose groups. For this reason, detection of myocardial injury in cynomolgus monkeys using these biomarkers, which also showed high concentrations in skeletal muscle, was con--dial injury.
Spearman's correlation coefficients were calculated AUC was calculated for ASAT, ALAT, LDH, CPK, and ALD for each animal, and the mean level ± S.D. is represented for each group (n = 3). Pairwise comparisons of the ISO + VASO group and control group were performed by t-test based on a one-way ANOVA between TnT and TnI levels and the severity of necrosis and vacuolation in heart. C max and AUC were used to minimize the possibility of false negatives. TnT and TnI showed the highest correlation with the degree of necrosis and vacuolation in the heart. Maynard et al. (2000) reported that TnI was considered to have a higher sensitivity to myocardial injury than TnT. The C max of TnI -dle to high dose groups, however, TnT increased significantly only in the high dose group. This result suggests that in the cynomolgus monkey, TnI has a higher sensitivity than TnT, consistent with the results from humans (Maynard et al., 2000) . Since TnT had a longer duration of detection than TnI, it was considered that TnT might be a suitable biomarker for pre-clinical toxicity studies. It is considered that the combination of TnT and TnI shows induced myocardial injury in cynomolgus monkeys.
in the heart, and TnT and TnI levels in blood and serum and at 2, 4, 8, 24, 48, 72, 96, 120, 144 , and 168 hr after the end of dosing. The mean level ± S.D. is represented for each -noted with * for p-value < 0.05, ** for p-value < 0.01. increased with slight myocardial injury compared with standard biomarkers, and showed a high correlation with the degree of necrosis and vacuolation in the heart. These results suggest that TnT and TnI have high sensitivity and and are useful biomarkers for detection of drug-induced myocardial injury in cynomolgus monkeys. After blood sampling at 168 hr after dosing, the heart was collected from animals treated with isoproterenol and vasopressin. Specimens of the right atrium to the right ventricle, interatrial septum to the interventricular septum, left atrium to the left ventricle, and the papilla of the left ventricle, and apex were embedded in paraffin, sectioned, and stained with HE stain. Slide specimens were examined microscopically, and the degrees of necrosis and vacuolation in the heart were scored histopathologically (-: No abnormal change, ±: very slight, +: Slight, 2+: Moderate). 
